I. INTRODUCTION
Transition metals are more detrimental for silicon device yield than any other impurity. 1, 2 Due to their high diffusivity and solubility in silicon, they easily penetrate from the wafer surface into the bulk during any heat treatment. The strong temperature dependence of the equilibrium solubilities of metals causes their supersaturation during cooling, which results in the formation of metal precipitates or complexes. Metal precipitates often form band-like states near the middle of the band gap, [3] [4] [5] thus providing an effective channel for minority carrier recombination. Additionally, these precipitates may be charged. This can provide an attractive electrostatic potential for minority charge carriers and increase the effective minority carrier capture cross section of the precipitates by orders of magnitude. 5, 6 The problem of understanding the mechanism of formation of metal precipitates, their preferred nucleation sites, their thermal stability, and the feasibility of their gettering or passivation is challenging even in high quality single crystalline silicon; however, it becomes even more complicated in multicrystalline silicon ͑mc-Si͒ used for photovoltaics, where metals can form complexes with a variety of structural defects ͑such as grain boundaries, dislocations, and intragranular defects͒, oxygen, and carbon.
In recent years, photovoltaics has evolved from the idea of an environmentally friendly albeit hardly cost-competitive energy source to a viable alternative means of generating electricity. The production of solar panels has showed impressive growth at a steady 25% per year since the late 1980s. In order to reduce the cost of solar cells and become competitive on the energy market, the photovoltac industry developed cost-saving technologies to replace singlecrystalline silicon wafers by inexpensive multicrystalline ͑mc͒ ribbons. Unfortunately, the conversion efficiency of solar cells fabricated on mc-Si wafers ͑typically 10%-13%͒ proved to be significantly lower than that of the cells made using single crystalline silicon ͑up to 21%-23%͒.
A significant amount of research was done to understand and eliminate the origins for this discrepancy in cell efficiency. It was found that the efficiency of mc-Si solar cells is limited by the areas of low minority carrier diffusion length, which are often confined within separate grains and are therefore called ''bad grains.'' Much effort has been invested in understanding the nature of recombination active defects in bad grains. It was found that gettering and hydrogen passivation techniques were inefficient in improving the minora͒ On leave of absence from the Institute of Physics, St. Petersburg State University, Russia; electronic mail: vyvenko@paloma.spbu.ru ity carrier diffusion length within these grains. Iron precipitation rate measurements revealed that the density of precipitation sites was much higher inside of the ''bad grains'' than inside the ''good grains.'' [7] [8] [9] [10] Additionally, it was reported that gettering procedures, which could improve the minority carrier diffusion length after intentional iron contamination almost to its original value before contamination in Czochralski or float zone grown silicon, had little or no effect on mc-Si. 7 To explain these phenomena, it was suggested that the minority carrier diffusion length is limited in the bad grains by intragranular microdefects, whose recombination activity is enhanced ͑or possibly even determined͒ by trapping transition metals. [7] [8] [9] [10] [11] It was speculated that the binding energy of metals to these clusters is so high that they can not be dissolved during a gettering anneal. 12 The standard analytical techniques, such as transmission electron microscopy, electron beam induced current ͑EBIC͒, laser beam induced current ͑LBIC͒, deep level transient spectroscopy, or neutron activation analysis, could provide separate pieces of information on the atomic structure of defects in mc-Si, their recombination activity, electrical levels in the band gap, or the total metal content of the wafers. However, a technique was lacking which would enable one not only to locate nm-size metal clusters in a wafer, but also determine in situ their chemical nature and recombination activity. Hence, metrology has become a bottleneck for solving the materials science problems associated with multicrystalline silicon photovoltaics.
In this article, we present a synchrotron radiation based x-ray microprobe technique which enables one to measure the recombination activity of defects in silicon and their chemical structure at a micron-scale resolution.
II. EXPERIMENTAL TECHNIQUE AND SAMPLE PREPARATION
This technique, which we called x-ray beam induced current ͑XBIC͒, was implemented at Beamline 10.3.1 of the Advanced Light Source at the Lawrence Berkeley National Laboratory. This beamline was originally developed for high-resolution x-ray fluorescence microprobe ͑-XRF͒ studies. An intense x-ray beam from the synchrotron with approximately 10 10 photons/s is focused in a 1 -2 m 2 spot using elliptically bent multilayer mirrors, composed of alternating layers of W and C on a silicon substrate. The emanating x-ray fluorescence is detected by a Si:Li detector with a resolution of about 180 eV. The sampling depth of this technique is determined by the escape depth of the fluorescence x-rays of interest, typically between 10 and 100 microns, depending on the element. 13 The -XRF technique was successfully applied to detect metals in multicrystalline silicon for solar cells. 11, [13] [14] [15] It enables one to detect ppm concentrations of dissolved metal impurities and nm-scale metal precipitates with 1-2 m spatial resolution. The sensitivity of the XRF tool depends on the accumulation time at each point, and is typically sufficient to detect a single iron precipitate with a radius of 20-25 nm, or dissolved iron in concentration of about 5ϫ10 13 cm Ϫ3 . 13 In the past, the samples used for XRF analysis were usually precharacterized with EBIC or LBIC in order to find the areas of low minority carrier diffusion length which can subsequently be mapped at the XRF beamline. However, a direct correlation between recombination activity of a defect and its chemical structure was generally very difficult to achieve since it was almost impossible to unambiguously match the maps obtained by independent -XRF and lifetime measurement techniques with an accuracy on the order of a micron. In many cases, one could neither conclude from a comparison of -XRF and EBIC/LBIC maps whether a metal precipitate observed in an -XRF map was located on a grain boundary or a dislocation or was associated with an intragranular defect, nor speculate on the recombination activity of the observed metal precipitate.
XBIC in conjunction with -XRF enables one to obtain a direct correlation between the recombination properties of defects and their chemical structure. This combination of techniques enables one to simultaneously map the minority carrier diffusion length and distribution of metal impurities, both with high spatial resolution and sensitivity. The principle of XBIC is similar to EBIC or LBIC, with the only difference being that minority charge carriers, generated by an electron beam in EBIC or laser beam in LBIC, are generated in XBIC by a focused x-ray beam. The minority carrier diffusion length is determined from the charge collection efficiency, measured at a p-n junction or a Schottky diode fabricated on the wafer surface. The electron beam or x-ray beam is scanned across the surface and the collected current is measured to form an image of the electrically active defects.
To perform XBIC/-XRF studies, a 20 nm thick Al contact was thermally evaporated on a chemically cleaned sample of multicrystalline silicon wafer. Since aluminum is a light element, a 20 nm layer of Al on top of the sample did not significantly absorb the x rays, and did not effect the penetration depth of the x-ray beam nor the sensitivity of -XRF technique. An ohmic contact was formed by rubbing gallium on the back side of the sample. The sample was mounted in an XRF sample holder, which can be moved in the X and Y directions with a step size of 0.1 m by computer-controlled step motors. The Schottky contact on the front of the sample and the ohmic contact on its back surface were contacted by thin gold wires, which were connected to a sensitive current amplifier. No external bias was applied to the contact; the built-in voltage of the Schottky diode was used to collect the charge carriers. Both -XRF and XBIC signals were measured simultaneously and were stored in a computer as a function of the (X,Y ) coordinates of the sample stage. These data could be later retrieved to plot the maps of minority carrier lifetime and metal impurity distribution, or to perform data analysis at any point within the scan. We found that the best experimental procedure is to start with an XBIC scan with a short accumulation time at each data point ͑typically, 0.2 s; this time was limited by the settling time of the X -Y stage͒ and large steps in the X and Y directions ͑typically, 20 m͒ to acquire a large-area overview map of minority carrier diffusion length, and then perform high-resolution small-area scans in the areas with high densities of defects with strong recombination activities using larger accumulation times to increase the sensitivity of the -XRF measurements. In principle, it is even possible to perform linear scans along the lines of grain boundaries and dislocations.
III. RESULTS
A comparison of EBIC and XBIC scans, taken on the same sample, is shown in Fig. 1 . Both scans cover an area of approximately 3ϫ3 mm. There is a clear correlation between the maps obtained by both techniques, which proves that they both essentially detect the same defects. However, the contrast of individual defects may be different in EBIC and XBIC maps depending on their depth from the surface. This is because the typical penetration depth of the impinging electron beam in the EBIC technique is less than 10 microns, whereas in XBIC the x-ray beam penetrates nearly through the whole thickness of the solar cell ͑which in our experiments was 300 m͒. Since the solar cell collection efficiency is determined by the minority carrier diffusion length in the whole wafer thickness, XBIC is a better tool to detect lifetime-limiting defects that may affect the solar cell performance than EBIC. On the other hand, the lateral resolution of XBIC is lower than that of EBIC. This limitation has a fundamental physical origin: as the penetration depth of the x-ray beam is much greater than that of an electron beam, generation of minority carriers at greater sample depths leads to their diffusion scattering, which broadens the contrast in the XBIC image. The resolution limit of XBIC, estimated from our data, is comparable to that of LBIC ͑which has a carrier generation depth similar to XBIC͒ and is on the order of 10 m. For comparison, with EBIC one can obtain resolutions at or below 1 m. Figure 2 shows XBIC, and -XRF iron, copper, and nickel distribution maps for a small area of the sample shown in Fig. 1 by a small rectangle near the top edge of the XBIC image. All four maps were recorded simultaneously. A weak contrast of an extended defect, possibly of a group of dislocations going parallel to the surface, is visible in the XBIC map, Fig. 2͑b͒. -XRF maps of the same area, presented in Figs. 2͑c͒-2͑e͒ , revealed clusters of the aforementioned transition metals precipitated at these defects. It is interesting to note that despite a fairly high metal concentration in the clusters, their recombination activity is quite low, judged by the weak XBIC contrast. A possible explanation for this observation is that the detected metal clusters lie in a significant depth from the wafer surface, so that only a small fraction of minority carriers generated at that depth can diffuse to the Schottky diode. Another interesting finding is that copper and nickel have formed multiple clusters along the dislocations, whereas iron was mostly concentrated in one large precipitate.
The opposite situation is presented in Fig. 3 , which shows XBIC/XRF maps of another area of the same sample with a grain boundary perpendicular to the sample surface. This area is shown by a small rectangle near the center of the XBIC map in Fig. 1 . Although XBIC shows that the grain boundary has a strong recombination activity, no metal clusters were found at the boundary or in its vicinity ͓Figs. 3͑c͒ and 3͑d͔͒. This suggests that metals, if they are present in this case, are homogeneously distributed along the length of the boundary in relatively low concentrations, below the detection limit of -XRF, and did not form any detectable precipitates.
An accurate determination of the metal concentration in the XRF maps requires measurements of standard samples with known metal concentrations during the same measurement cycle. Since the purpose of this work was to demon- strate the proof of principle of XBIC, this calibration was not performed. However, using the calibration coefficients from our earlier experiments, we can estimate that the metal concentrations in the observed metal clusters ͑dark areas in Figs. 2 and 3͒ lie in the range of 10 15 cm Ϫ3 .
IV. CONCLUSIONS
In summary, an analytical tool capable of in situ measurements of the recombination activity of defects and their chemical origin has been suggested and applied for the studies of recombination active defects in multicrystalline silicon for solar cells. The very first results obtained by XBIC/-XRF allow one to conclude that this tool will be instrumental for the identification of the role of metals in the formation of lifetime-limiting defects in low-lifetime areas of multicrystalline solar cells. Although in this study we used a Schottky contact deposited on an mc-Si sample, this technique can be applied to fully processed solar cells by using the built-in p-n junction to collect the XBIC current. 
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